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The ground state properties of the pure perovskite compounds PrMnOa and NdMnOs were inves- 
tigated by magnetization, magnetic AC susceptibility and specific heat measurements. A strongly 
anisotropic behavior has been detected for temperatures below the antiferromagnetic phase transi- 
tion Tn ~ 100 K. The susceptibility and the weak spontaneous ferromagnetic moment appear to 
be different in both compounds due to different anisotropic rare earth contributions. The specific 
heat shows strong Schottky type contributions at low temperatures, which for NdMnOa strongly 
depend on the magnetic field. A spin reorientation phase transition (spin-flop type) induced by a 
magnetic field along b axis was observed in NdMnOs at _ff ~ 110 kOe and T = 5 K. All results 
can consistently be explained by anisotropic contributions of the rare earth ions: In PrMnOs the 
electronic ground state is determined by a low lying quasidoublet split by the crystal field (~ 19 K) . 
In NdMnOs the Kramers doublet is split by an exchange Nd-Mn field (~ 20 K). 

PACS numbers: 75.30.-m, 75.10.Dg, 77.30. Kg, 72.80.Ga 



In recent years perovskite-type manganites have at- 
tracted considerable interest particularly due to the ap- 
pearance of complex magnetic and transport properties, 
such as the colossal magneto resistance effect (CMR)ji 
In these materials the physical properties are determined 
by a delicate interplay of charge, spin, orbital, and lattice 
degrees of freedomf^ Substituting the A-site trivalent rare 
earth (i?) by divalent Sr or Ca (i?i_2,A2,Mn03) changes 
the filling of the id Mn bands, introducing double- 
exchange interactions and thereby reducing Jahn- Teller 
type distortion and orbital order. ^ In addition doping also 
changes the tolerance factor, which reflects deviations 
from the ideal perovskite structurei^ The Mn-O-Mn bond 
angle can be altered and the super-exchange between 
the Mn sites is influenced. As a result the perovskite 
manganites exhibit a rich phase diagram including differ- 
ent types of ordering phenomena and ground states like 
charge order, orbital order and antiferromagnetic (AFM) 
or ferromagnetic (FM) insulators or metalsi^ 

Focusing on the parent compounds, the undoped man- 
ganites, the question arises, how, in addition to a small 
change in the tolerance factor, the specific choice of the 
R ion may alter the magnetic properties. Pure LaMnOa 
exhibits a Jahn- Teller distorted orthorhombic structure 
below T « 800 K and changes from an insulating param- 
agnet to an insulating antiferromagnet at Tn ~ 140 K 
Substituting the nonmagnetic trivalent La by isovalent Pr 
or Nd, the electronic configuration of the Mn ions is qual- 
itatively conserved and an orbitally ordered A-type AFM 
ground state is established iSiS But how do the magnetic 
degrees of freedom of the Pr'^+ and Nd'^"'" interact with 
the ordered Mn'^^ sublattice and contribute to magnetic 
properties of the manganites ? The purpose of this work 
is to shed some light on the role of the magnetic R ions 
and the mechanisms which determine the low tempera- 
ture magnetic and thermodynamic properties in the pure 
perovskite manganites. 



The single crystalline samples investigated in this 
work have been prepared by zone melting as described 
elsewhere lis In contrast to LaMnOs which is rather sensi- 
tive to growth conditions and thermal processing parame- 
ters, PrMnOa and NdMnOs reveal a much weaker depen- 
dence of their properties on these parameters indicating 
a higher stoichiometric stability. X-ray diffraction pat- 
tern, taken at room temperature, revealed a single-phase 
orthorhombic Pbnm structure with the lattice constants 
a = 5.448(6), h = 5.822(6), c = 7.582(0) for PrMnOg and 
a = 5.415(9), b = 5.837(9), c = 7.548(1) for NdMnOs. 
These data are in very good agreement with the data of 
stoichiometric samples described in literature^ A com- 
parison of our results to studies of the dependence of the 
lattice parameters in compounds with non-isovalent im- 
purities or oxygen deficiencjii2ii^ii4 gives an upper limit 
of the defect of our samples of 0.5 %. Another evi- 
dence for the quality of our samples is the Neel tem- 
perature which for NdMnOs and PrMnOs refers to the 
highest cited in literature. It is known that Tn is sig- 
nificantly reduced upon the smallest deviations of the 
nominal stoichiometry^i*i^ 

Laue diffraction was utilized to orient the samples 
with respect to the pseudo-cubic crystallographic axis. 
The magnetization measurements were performed using a 
commercial SQUID system (MPMS, QuantumDesign) 
between 1.8 K and 400 K and in magnetic fields up to 
50 kOe. Additional measurements were performed em- 
ploying an extraction magnetometer and an AC suscep- 
tometer (Oxford Teslatron) in fields up to 140 kOe. The 
specific heat has been measured on crystals with masses 
m < 20 mg at temperatures 5 K < T < 250 K with a 
noncommercial setup utilizing an AC method. 

The temperature dependent measurements of the mag- 
netic AC susceptibility are shown in Fig. ^ The AFM 
transitions show up as sharp peaks at Tn = 99 K for 
PrMnOs and Tn = 88 K for NdMnOs, respectively. For 
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FIG. 1: Real part of the AC susceptibility Xac of PrMnOs 
(upper frame) and NdMnOa (lower frame) measured along 
and perpendicular to the crystallographic c direction. The 
dashed line in the upper frame represents xac of LaMnOs. 
For NdMnOs the imaginary part Xac (loss) along c is shown 
as well. Inset: Reciprocal DC susceptibility (open cir- 
cles, right scale) together with corresponding Curie- Weiss fit 
(straight line) and field-cooled/zero-field-cooled magnetiza- 
tion (crosses, left scale) of NdMnOa. 



comparison the data as obtained in a twinned LaMnOs 
single crysta!^^ with Tn = 139 K are also shown (dashed 
hne in the upper frame of Fig.^. In the magneticaUy or- 
dered regime of the R compounds a significant anisotropy 
shows up. The values of x' in PrMnOa and NdMnOa 
are much higher than in LaMnOa, at least in the a, b 
plane. This obviously results from additional magnetic 
contributions of the R ions. At higher temperatures in 
the paramagnetic regime these contributions can easily 
be considered by adding the respective effective param- 
agnetic moment HeS- A Curie- Weiss fit to the suscep- 
tibility of NdMnOa , shown in the inset of Fig. ^ yields 
fj,eS = 6.16 fj,B and Ocw ~ 10 K. Experimental values 
for LaMnOs are ficS — 5.10 and 9cw ~ 66 K,^^ 
The expected effective moment of /icff = 6.09 /xb for the 
superposition of the Nd (4/'^) and the Mn {3d^) sublat- 
tice agrees well with the experimental findings. Similar 
results were obtained for PrMnOa. 

To understand the enhanced anisotropic contributions 
below Tn one has to focus on the electronic ground state 
of the R ions, which via spin-orbit coupling depends on 
the local symmetry of the crystal field (CF) and on the 
exchange interaction with the Mn sublattice. The Pr 
compound reveals a strong increase of the susceptibil- 
ity parallel to the a, b plane towards low temperatures. 



Along the c direction x remains almost constant, compa- 
rable to the behavior in LaMnOa. The AC susceptibility 
resembles the results reported from DC measurements lii 
In NdMnOa the susceptibility of the a, b plane is slightly 
smaller than in PrMnOa, but below Tn and along c, 
x' rises with decreasing temperature, reveals a cusp at 
T « 18 K and decreases towards lower temperatures. 
The drop off in the real part of the susceptibility of 
NdMnOa at about 10 K is accompanied by a peak in 
the imaginary part . In addition a distinct splitting be- 
tween the DC magnetization measured under field-cooled 
(FC) and zero-ficld-cooled (ZFC) conditions can be de- 
tected below a splitting temperature Tpc/zFC as shown 
in the inset of Fig. On increasing magnetic dc field the 
splitting is shifted from temperatures close to Tn down 
to Tpc/ZFC ~ 22 K for = 1 kOe. This type of noner- 
godic behavior seems to be connected with the freezing of 
the domain dynamics within the ordered Mn sublattice. 
Nevertheless, the high values of the FC magnetization 
of up to 1.5 /j,B/f.u. cannot be explained by the contri- 
bution of the Mn spins alone, because these are ordered 
in an A-type AFM structure, as discussed below. These 
phenomena, namely the FC/ZFC splitting and the loss 
features of the AC susceptibility, which appear only along 
the c direction, have rather to be interpreted in terms of 
domain freezing processes and the corresponding longi- 
tudinal relaxation of the Nd sublattice, polarized by the 
Nd-Mn exchange coupling. 

High values of the FM component along c can also be 
detected in the hysteresis loops at T = 5 K, shown in 
Fig. [3 The lower frame of Fig. [3 shows the magnetiza- 
tion for NdMnOa up to 140 kOe. Along the c axis a spon- 
taneous FM moment of Mg « 1.7 hb is detected. The 
corresponding value for PrMnOa, « 0.09 /zb (see in- 
set of Fig. 121) is by a factor of ~20 smaller and comparable 
to the findings for LaMnOaii^ In PrMnOa and LaMnOa 
the small FM component arises from the the canting of 
the A-type AFM structure due to Dzyaloshinsky-Moriya 
interaction, which is generated by a buckling of the or- 
thorombic oxygen octahedra>i^ This explanation does 
not hold for the high values of Mg found in NdMnOa. A 
FM ground state of the Mn sublattice can be ruled out. 
Hole doping i?i_a;^^+MnOa leads to a FM ground state 
only for x > 0.1^ Also the jump in the magnetization at 
H 110 kOe denotes a field induced spin-reorientation 
transition (spin-flop type)flS This effect can only be ex- 
plained by the reorientation of the spins within an AFM 
spin structure. Thus the FM component along the c axis 
in NdMnOa has to be ascribed to the Nd spins. The Nd 
sublattice is polarized due to an effective exchange field of 
the Mn sublattice, which exhibits a small FM moment in 
c direction. At low temperatures the Nd spins are almost 
completely aligned in the internal exchange field, which 
is indicated by the drop of Xc- In contrast the effective 
field due to the FM component of the Mn lattice in c 
direction does not couple to the Pr spins. In PrMnOa an 
enhanced susceptibility as well as a spontaneous magne- 
tization along c are absent. 
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FIG. 2: Hysteresis loops of PrMnOa (upper frame) and 
NdMnOs (lower frame) measured for different orientations 
with respect to the magnetic field at T = 5 K. Lines denote 
fits employing the model described in the text. 



To describe the observed experimental findings and 
to determine the ground state characteristics of the R 
ions one can utilize the models already used in the R 
orthoferrites having the same crystal structure, however 
G-type AFM orderingi^ In i?Mn03 the ground multi- 
plet of the i? ions occupying low symmetry sites (point 
group Cs) is split by a CF into singlets for non-Kramers 
ions (Pr'^+) and into doublets for Kramers ions (Nd'^"'"). 
One arrives at an energy level scheme where the low- 
lying state is split due to crystal, external, and ex- 
change fields. The exchange fields are determined by the 
isotropic and anisotropic i?-Mn exchange, proportional 
to the FM and AFM vectors F = (Mi M2)/2Mo and 
A = (Ml - M2)/2Mo, respectively. There Mi,2 denote 
the Mn sublattice magnetization of adjacent ferromag- 
netic layers with saturation value Mq. For the Pr system 
the splitting of the quasidoublet (i.e. the two lowest CF 
split singlets) is of the form 



2 A,^, 



A, 



1/2 



(1) 



where 2Acf and 2A^ = 2A°A^ are the splittings by 
the CF and Pr-Mn exchange interactions^-'^, and /i^ = 
(/Lta;, ±/iy, 0) is the magnetic moment of the ground state 
which lies in the a, h plane, x, y, z correspond to a, 6, c 
axis, respectively, and the signs ± correspond to the two 
non-equivalent R positions. Here we have taken the ob- 
served magnetic anisotropy of the Pr contribution into 
account, namely the absence of a FM moment along the 



c axis, implying that the moments of the Pr ions are ori- 
ented within the a, h plane. 

Taking into account the local symmetry of the g-factor 
and the exchange field at the A-sites^fl the splitting of 
the Nd^+ Kramers doublet can be expressed through A 
and H by 



A^ 



Aj,± A^ 



A2 + 2ii!By^ 



1/2 



(2) 



where 2Aa = 2A°Aa (with a = x,y,z) are the Nd-Mn 
exchange splittings and iJLx,y,z,xy and ji'^ y are determined 
by the g-factor of the doublet and the Nd-Mn exchange 
parameters, respectively. Thus, in NdMnOa the splitting 
of the ground state is basically driven by the Nd-Mn ex- 
change interaction, while in PrMnOa exchange splitting 
is absent in the F^Ay configuration, but instead the CF 
splitting dominates. 

The magnetic properties were analyzed using the non- 
equilibrium thermodynamic potential 



$(H,A) 



$M„(H,A) 

-]-NkBT^\n (2 cosh 



2kBT 



where the corresponding potential of the Mn subsystem 
<I>Mn(H,A) was considered phcnomenologically.^* The 
magnetization M = — 9$/9H is defined by 



^-^-^ tanh ' 



\2kBT 



for H II a and by 



Nfiz tanh 



2kBT 



for H II c with /iz=0 for PrMnOs. Here is the weak 
ferromagnetic moment, x± the perpendicular suscepti- 
bility of the Mn subsystem, and x^X the Van-Vleck 
susceptibility of the R ions due to excited states. In 
the case of the spin-flop transition along the b axis in 
NdMnOa the low and the high field regime have to be 
treated separately. The results of the simulation for the 
magnetization curves are shown as solid lines in Fig. [3 
and the corresponding main parameters of the R ions 
are given m Tab. d and are in a good agreement with 
similar data evaluated recently from temperature depen- 
dent magnetization measurementsJ^ and submillimeter 
optical studies. A more detailed analysis of the spin 
reorientation and high-frequency magnetic excitations of 
NdMnOa will be presented in a separate publication. 

To get an independent measure of the above deter- 
mined values of the splitting A, we performed measure- 
ments of the specific heat in PrMnOa and NdMnOa in 
the temperature range from 5 to 250 K and in magnetic 
fields up to 50 kOe (see Fig. OJ. The AFM transitions 
of both compounds show up as lambda-like anomalies 
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FIG. 3: Temperature dependence of the specific heat of 
PrMnOa (upper frame) and NdMnOs (lower frame) presented 
as C/T versus temperature on a logarithmic scale in external 
magnetic fields of kOe (squares) and H — 50 kOe (trian- 
gles). The solid lines are calculated employing a two-level 
Schottky term as described in the text. Dashed lines display 
the lattice contribution. The inset in the upper frame shows 
the data for LaMnOa (non magnetic R). The inset of the 
lower frame displays the specific heat of NdMnOa near Tn. 

which are smeared out in an external field (see the inset 
of the lower frame). A temperature hysteresis (open vs 
closed symbols) cannot be observed, neither at zero field 
nor at 50 kOe, indicative of a second-order transition. 
At low temperatures (below 20 K) in C/T a broad max- 
imum appears in both, PrMnOa (upper frame of Fig. ) 
and NdMnOs (lower frame). For comparison also the 
specific heat of LaMnOa was examined (see inset of the 
upper frame). Here this electronic contribution at low 
temperatures is absent. 

Even if it is difficult to calculate and separate the 
specific heat of the lattice at elevated temperatures, 
we tried to parameterize the phonon contribution uti- 
lizing a Debye term {Qd m 285 K) and two Einstein 
terms related to the minimal and maximal phonon en- 
ergies in the perovskitesi^^ The results are shown as 



dashed lines in Fig. . In addition a Schottky con- 
tribution for a two-level system (doublet) of the form 
C - AV(Tcosh(A/2fcBT))2 was used to fit the low tem- 
perature anomaly (solid lines in Fig.|2Jl. The correspond- 
ing values for the splitting A are given in Tab.Q] In zero 
external field the results are in excellent agreement with 
those obtained from the magnetization data. As given by 
Eq. ^ in the Pr system the splitting A is not changed 
by an magnetic field, while it is increased for NdMnOs. 
According to Eq. Q one can estimate Hc of the Nd ions 
from the difference between A{Hc=0) and A(ff=50kOe), 
which again meets the first result (see Tab.Pl. These re- 
sults are in accordance with optical measurements in the 
submillimeter regime. ^"^ 

In conclusion, we presented measurements of the mag- 
netic susceptibility, magnetization and the specific heat 
of NdMnOa and PrMnOs. The susceptibilities and the 
field dependent magnetic hysteresis loops reveal a strong 
anisotropy, which could be modelled in terms of R con- 
tributions. The ground state splitting of the Pr'^+ ions 
turns out to be determined by the crystal field, while 
in NdMnOs the splitting is caused by an effective Nd- 
Mn exchange field. The ground state splitting of both 
compounds is of the order of A « 20 K and could inde- 
pendently be determined by measurements of the specific 
heat. From these studies it follows that the influence 
of the R sublattice has to be considered as additional 
driving force of the puzzling ground state properties of 
perovskite manganites. 
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TABLE I; Parameters gained from the fitting of the magne- 
tization data (Fig. and the Schottky contributions to the 
specific heat (Fig. |3J 





Pr 


Nd 


A(He = 


= 0) [K] from Cp 


19.3 ± 1 


21.6 ± 1 


A(H, = 


= 0) [K] from M 


18.7 ± 1 


20.2 ± 1 


A(H, = 


= 50 kOe) [K] from Cp 


19.3 ± 1 


32.5 ± 1 




from Cp 




1.6 ±0.1 


fJ-c ^b] 


from M 




1.9 ±0.1 




3] from M 


2.1 ±0.1 


(a) 1.8 ±0.1 








(6) 1.2 ±0.1 
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